In yeast, the [ 
Introduction
The study of yeast prions has uncovered important cellular networks that contribute to the formation and propagation of these functional misfolded protein aggregates. Two of the most widely studied yeast prions are [ (Chernoff et al., 1995; Paushkin et al., 1996; Shorter and Lindquist, 2004; Kushnirov et al., 2007; Satpute-Krishnan et al., 2007) . Loss of Hsp104p activity, by either deleting the HSP104 gene or inhibiting Hsp104p activity, leads to prion curing (Chernoff et al., 1995; Jung and Masison, 2001; Wegrzyn et al., 2001) . In each of these cases, Hsp104p can no longer fragment prion aggregates into transmissible entities (Eaglestone et al., 2000; Ferreira et al., 2001; Wegrzyn et al., 2001; Ness et al., 2002; Derdowski et al., 2010 The mechanisms that underlie how prions are formed are less understood. Yeast prions spontaneously form at a frequency of less than 1 in a million (Aigle and Lacroute, 1975; Allen KD, 2007; Lancaster et al., 2010) , making study of such spontaneous events challenging. The process of "prion induction" has facilitated our understanding of formation. Overexpression of full length or the N-terminal and middle domain of Sup35p, called the prion domain (PrD), can induce prions to form at a higher frequency (Chernoff et al., 1993; Wickner, 1994; Derkatch et al., 1996 (Derkatch et al., 1997; Derkatch et al., 2000) . It was later found that the Pin+ phenotype was caused by the prion form of the Rnq1 protein (Sondheimer and Lindquist, 2000; Derkatch et al., 2001; Osherovich and Weissman, 2001 (Derkatch et al., 1997; Derkatch et al., 2001; Osherovich and Weissman, 2001 ).
[PSI + ] induction can be monitored at two steps: initially by the presence of newly made fluorescent aggregates and later by a colony growth assay. The visualization of newly formed aggregates during the prion induction process is mediated through the fusion of a fluorescent marker to the Sup35p prion domain (Sup35PrD-GFP; Zhou et al., 2001 ). Overexpression of Sup35PrD-GFP leads to the appearance of small, transient "early foci" that assemble into cytosolic ring or dot aggregates (Arslan et al., 2015; Sharma et al., 2017) . Micromanipulation of either ring or dot containing cells gives rise to future generations that contain [PSI + ] (Ganusova et al., 2006; Sharma et al., 2017) , indicating that cells containing these newly formed aggregates are precursors to [PSI + ].
Additionally, a standard nonsense suppression growth assay is able to detect colonies containing [PSI + ], because the aggregation of Sup35p decreases the protein available for the translation termination of nonsense mutations (Chernoff et al., 1993; Chernoff et al., 1995 (Manogaran et al., 2011) . Some deletions (such as sac6Δ, las17Δ, and vps5Δ) reduced the number of cells that contained newly formed aggregates as well as reduced the frequency of prion induction. Since visual aggregates are considered to be formed early during the prion induction process, we call these "early class genes." We call the other deletion strains (such as bem1Δ, and bug1Δ) "late class genes," as the formation of visual aggregates appeared to be unaffected, but the frequency of [PSI + ] induction was reduced (Manogaran et al., 2011) .
Irrespective of which stage of prion formation was affected, most of the identified genes coded for proteins that are associated with assembly of the actin cytoskeleton (Manogaran et al., 2011) . Previous studies have shown that proteins involved with endocytic cortical actin patches affect prion induction. Loss of proteins involved in actin assembly at the sites of endocytosis, such as End3p, Sla1p, and Sla2p result in decreased prion induction (Bailleul et al., 1999; Ganusova et al., 2006) , and modulations of Lsb2p localization to the cortical actin patch have a commensurate effect on [PSI + ] induction (Chernova et al., 2011) . While these studies suggest actin plays a role in the prion formation process, it is unclear exactly how actin contributes to the process.
To further understand actin's role, we studied how prion induction and prion propagation were impacted by several alanine-scanning mutations originally generated by Wertman and colleagues (1992) find novel roles for actin in the process of prion induction and propagation.
Results

Actin networks sporadically associate with newly formed Sup35PrD structures.
Previously, it was shown that several proteins associated with cortical actin patches are involved in [PSI + ] formation (Ganusova et al., 2006; Chernova et al., 2011; Manogaran et al., 2011 ), yet it is unclear how these actin structures interact with newly formed Sup35PrD fluorescent structures in live cells. Consistent with previous observations (Ganusova et al., 2006) , occasional co-localization existed between rhodamine-phalloidin and newly made fluorescent structures (Supplemental Figure 1 ).
We also observed that fixation and rhodamine-phalloidin staining appeared to alter the morphology of Sup35PrD-GFP fluorescent structures. It is possible that the fixation process may alter the overall three-dimensional relationship among cellular components that might otherwise be observed as clearly distinct structures within live cells. Thus, we turned to 3D-live cell imaging during the formation of Sup35PrD structures, while using fluorescently-tagged yeast actin binding proteins, such as Abp140p and Cof1p, to dissect the relative cellular proximity of newly forming prion structures and actin networks.
Filamentous actin networks consist of both actin patches and actin cables. A Cof1-RFP fusion protein, which localizes to cortical actin patches (Lin et al., 2010) , was used to screen for co-localization of newly forming prion structures and actin patches.
Sup35PrD-GFP was overexpressed to induce the formation of fluorescent aggregates, such as early foci and rings, while observing Cof1-RFP localization. Capturing early foci is difficult because of their transient nature (Sharma et al., 2017) RFP fluorescent signals that, while they were adjacent, were clearly distinct ( Figure   1A ,C).
Actin filaments also assemble into long bundles called actin cables, which are necessary for cell polarity and polarized particle movement. Visualization of cables in live cells can be enhanced through the expression of the actin binding protein, Abp140-YFP (Asakura et al., 1998; Yang and Pon, 2002) . Although most Sup35PrD-CFP aggregates were readily visible, the overall signal strength of CFP rendered the smaller, early foci more difficult to visualize. The two cells identified containing early foci showed no obvious co-localization between Abp140-YFP and Sup35PrD-CFP ( Figure 1B ).
Similar to Cof1, rings occasionally co-localized or were adjacent to Abp140-YFP signals.
It should be noted that both Cof1-RFP and Abp140-YFP signals often exhibit broad distribution within the cytoplasm, such that the occasional co-localization we observed could be coincidental (Figure 1 ). We never observed complete overlap between ring structures and actin networks.
Early Class genes sac6Δ and vps5Δ fail to polarize cortical actin patches
To begin to understand how actin plays a role in prion formation, we looked at the distribution of actin networks in our previously identified early and late class genes (Manogaran et al., 2011) (Belmont and Drubin, 1998) .
Live cell imaging did not reveal any novel information about the organization of actin in these strains. While we did not observe cortical actin patch polarization with Cof1-RFP in either wildtype, sac6Δ or vps5Δ cells, this even distribution of foci may be due to the function of Cof1p as an actin depolymerizing factor and thereby being localized to patches undergoing rapid turnover rather than polarized patches needed for bud growth. The distribution of Abp140-YFP signal appeared comparable in wildtype and sac6Δ strains, suggesting that sac6Δ does not significantly disrupt the ability to form actin cables (Figure 2 ). Conversely, Abp140-YFP appeared to localize to the fragmented vacuoles found in vps5Δ mutants. This anomalous localization may be due to the vacuolar defects associated with the mutant (Borrelly et al., 2001; Seeley et al., 2002; Kato and Wickner, 2003; Manogaran et al., 2011) results in visible actin defects, we asked whether perturbation of actin networks would impact prion formation. ACT1 codes for the actin protein and is essential. Therefore, we chose several act1 point mutants based upon known or postulated effects on the protein interaction between actin and Sac6p from an alanine-scanning mutant collection integrated in the BY4741 genetic background (Wertman et al., 1992; Viggiano et al., 2010) . Structural, genetic, and in vitro assessments have defined the Sac6p interacting region of actin (Holtzman et al., 1994; Honts et al., 1994; Amberg et al., 1995; Whitacre et al., 2001; Miao et al., 2016) . We chose temperature sensitive mutations, act1-120 (E99A, E100A), act1-122 (D80A, D81A), and act1-101 (D363A, E364A) distributed across this region of actin ( Fig. 3A) , with each exhibiting slightly different effects on actin cytoskeletal structures (Wertman et al., 1992; Drubin et al., 1993; Miller et al., 1996) .
As a control, we chose an additional mutant, act1-129 (R177A, D179A; Figure 3A) because it includes the R177A mutation previously shown to reduce prion formation (Ganusova et al., 2006) .
Our goal was to study prion formation in the presence of a slight actin perturbation. Each of these point mutants show temperature sensitivity (Wertman et al., 1992) . To ensure that mutant strains displayed subtle actin mutant hallmark phenotypes at permissive temperatures, we analyzed cell size, Sup35PrD-GFP protein expression, growth, and actin polarization at permissive temperatures. All actin mutant strains showed a slight increase in cell size compared to wildtype ( Fig. 3B ) and could overexpress Sup35PrD-GFP, except act1-129 ( Fig 3C) . While the single R177A mutation did not affect Sup35PrD expression in other studies (Ganusova et al., 2006 can be propagated in the actin mutants (data not shown).
We next characterized the actin networks in these strains for actin patch polarization at permissive temperatures (Fig 3E, F) . Similar to sac6Δ and vps5Δ mutants, phalloidin staining revealed severe actin patch depolarization at 30 o C in the act1-120 mutant, and moderate actin patch depolarization in the act1-122 mutant.
Our depolarization findings are similar to reports screening these alleles at restrictive temperature in another genetic background (Drubin et al., 1993) , suggesting that actin organization is perturbed at permissive temperature but not severe enough to considerably affect growth. Actin patch polarization appeared undisturbed in the act1-101 mutant ( Figure 3F ).
Actin patch polarization is not required for prion induction.
We observed that sac6Δ, act1-120, and act1-122 mutants all show some level of actin patch polarization defects. Therefore, we asked whether polarization defects were also correlated with reduced prion induction. 4A ). We also noticed that a higher proportion of aggregate containing act1-120 cells contained dots, with many containing multiple dots in both mother and daughter cells ( Fig. 4B and C) . In a related study, we have observed that mother cells can harbor multiple newly formed Sup35PrD-GFP dots, but daughter cells tend to immediately localize their dot structures into one large foci (Lyke and Manogaran, submitted).
The same cultures that were assayed for the presence of newly formed Sup35PrD-GFP aggregates, were also scored for [PSI + ] induction based upon nonsense suppression of the ura3-14 allele (Manogaran et al., 2006 Alternatively, since we previously showed that 50% of cells containing dots are not viable (Sharma et al., 2017) , the formation of dot structures in act1-120 may be more toxic than in wildtype cells.
Analysis of [PSI + ] induction frequency of act1-122, which also exhibited depolarized actin patches, was slightly decreased compared to wildtype cells (Fig. 4D ).
Since these results were barely significant (p=0.037), we tested the same [PIN + ] act1-122 (M257) isolate along with a sister isolate (M254) that was genetically identical and obtained from the same parent strain (Supplemental Figure 2) . Surprisingly, the two genetically identical isolates showed completely different Sup35PrD-GFP aggregate and [PSI + ] induction frequency profiles ( Fig. 4E and F) . act1-122 (M257) again showed normal levels of newly formed aggregates yet a significantly lower induction frequency.
In contrast, the act1-122 sister isolate (M254) showed significantly more newly formed
aggregates, yet had normal induction frequency compared to wildtype.
The variation observed between sister isolates could be due to translational fidelity issues previously observed in act1-122 mutants (Kandl et al., 2002) aggregates by Rnq1-GFP shows the presence of one to several large foci within the cell.
We 
Perturbation of actin cables leads to increased prion formation
In addition to actin patch polarization, we also looked at the potential role actin cables play in prion induction. Latrunculin A (Lat-A) at non-toxic levels can perturb, but not destroy, actin networks by preventing the addition of actin monomers to the plus end of the actin polymer, leading to shortened actin cables (Ayscough, 2000; Yang and Pon, 2002) . We found that 2.5 µM or higher concentrations of Lat-A were not tolerated well in overnight growth conditions, leading to slow or no growth (Fig 6A, data not shown) .
Similar to previous findings (Stephan et al., 2015) , we found that yeast cells were able to sustain prolonged growth in Lat-A concentrations at or below 1 µM, yet showed changes in phalloidin staining (Fig 6B) , suggesting that low Lat-A levels are able to affect actin networks without adversely affecting cell division.
We overexpressed Sup35PrD-GFP in the presence or absence of Lat-A in the showed a significant increase (1.37 fold) in prion induction compared to untreated controls (Fig. 6D) . Next, we tried a drug, jasplakinolide, that stabilizes actin cables by binding to the minus end of the actin polymer (Ayscough, 2000) . We found that 14 µM or higher concentrations of jasplakinolide were not tolerated well in overnight growth conditions, leading to slow or no growth (Fig 6A) . However, unlike Lat-A, lower concentrations of jasplakinolide had no significant effect on either the formation of fluorescent structures (Fig. 6C ) or [PSI + ] induction frequency (Fig. 6D ).
Since Lat-A treatment may also impact other cellular functions in addition to actin cable formation, we chose to test an actin mutant that contains substitutions within the Sac6 binding domain and has shortened actin cables, act1-101. We confirmed that actin cables are shortened in this mutant at the permissive temperature using Abp140-YFP ( Fig 7A) . Overexpression of Sup35PrD-GFP in wildtype and act1-101 strains showed a comparable frequency of cells containing newly formed aggregates (Fig 7B) , indicating that the early steps of prion formation remain unaffected in act1-101 mutants. 
Discussion:
Actin is assembled into filamentous actin, or F-actin, to form different cytoskeletal structures. Actin plays critical roles in the cell cycle, from trafficking cargo between mother and daughter cells via actin cables, to polarized cortical actin patches mediating bud expansion (Adams and Pringle, 1984; Engqvist-Goldstein and Drubin, 2003; Moseley and Goode, 2006) . Additionally, actin can influence translation (Kandl et al., 2002; Kim and Coulombe, 2010; Mateyak and Kinzy, 2010) , mediate the sequestration of damaged or aggregation prone proteins (Erjavec et al., 2007; Tessarz et al., 2009; Song et al., 2014; Goode et al., 2015; Kumar et al., 2016) , and is required for endocytosis (Goode et al., 2015) . Over the last two decades, several proteins associated with endocytic cortical actin patches have been shown to play an important role in prion formation and propagation (Bailleul et al., 1999; Ganusova et al., 2006; Chernova et al., 2011; Manogaran et al., 2011 background . In contrast, the act1-122 cells have many small highly mobile foci (Fig. 5A, Supplemental Figure 3) . In a previous large-scale screen to identify genes involved in [PIN + ] propagation in the BY4741 background, we never observed a decorated Rnq1 aggregation phenotype that was similar to that of the act1-122 strains (Manogaran et al., 2010) . Together, these data suggest that the E99 and E100 residues within actin either contribute directly or indirectly to the aggregation state Furthermore, we found that some transformants generated from these clones lost the Pin+ phenotype ( Fig. 5C and D Yet, it is still unclear how actin contributes to the process. It has been shown that actin cable networks and Hsp104p help clear damaged and aggregation prone proteins from the daughter bud through a retrograde transport mechanism (Tessarz et al., 2009; Song et al., 2014) . In the case of act1-122, we saw no major disruption of actin cable networks (data not shown) but major disruption of actin patch polarization (Fig 3E, F) .
Nevertheless, the act1-120 mutant had a more extreme disruption of actin patch polarization, but no effect on the Pin+ phenotype, suggesting that polarization by itself does not play a role in prion propagation. 
Actin cables aid in limiting prion inheritance during late stages of prion formation
We asked whether disruption of actin cable networks would have an effect on prion induction. Actin cables play several important roles in the cell such as directing polarized growth and trafficking cargo (reviewed in Moseley and Goode, 2006) . We found that perturbing actin cables pharmacologically (Lat-A, Fig. 6 ) or genetically (act1- Fig. 7 ), does not impact the formation of Sup35PrD-GFP aggregates but increases prion induction frequencies. Our data suggests that actin cables play an important role during the later stages of prion formation, after the initial aggregate has formed. More importantly, the increase of prion induction by cable disruption indicates that under normal conditions, actin cables must limit the transmission of newly made prion aggregates to daughter cells.
101,
From our data, it is unclear exactly how actin cables limit prion formation. Yet, models by several labs studying either damaged or aggregation prone proteins may provide clues regarding the mechanism. Carbonylated proteins and the aggregation prone polyglutamine protein seem to be cleared from daughter cells with the help of actin networks (Erjavec et al., 2007; Tessarz et al., 2009; Song et al., 2014) . It is possible that newly made prion particles that are transmitted to the daughter cell are bound to the actin cable network and returned via retrograde transport to the mother cell.
Others have suggested that sequestration of damaged proteins to cellular inclusions may limit their transmission to daughter cells. Age-associated inclusions associated with the ER and/or mitochondria have been shown to retain protein aggregates in the mother cell (Zhou et al., 2014; Saarikangas and Barral, 2015; Saarikangas et al., 2017) , and actin cables, via myosin motors, have been suggested to move vesicles containing Sup35PrD aggregates to the intracellular protein deposit called IPOD (Kumar et al., 2016) . It is possible that without sequestration in the mother cell mediated by actin cable networks, newly made prion particles are freely transmitted to the daughter cell for propagation.
The [PSI + ] prion has been shown to arise more readily under stress conditions (Tyedmers et al., 2008; Sideri et al., 2010) . It is possible that loss of actin cable integrity during stress contributes to the increased prion formation observed in these previous studies. Alternatively, the onset of stress could overwhelm actin's ability to retain newly formed prion particles in the mother cell, leading to increased prion induction frequencies. Further studies are necessary in order to understand actin's role in limiting the transmission of newly formed aggregates to daughter cells under normal physiological conditions and how, in conjunction with other players such as chaperones, actin plays a role in the propagation of prions.
Materials and Methods:
Strains and Plasmids:
Yeast strains in either 74-D694 or BY4741 genetic background were used as indicated (Table 1) Table 1 and 2.
Cultivation procedures
Yeast strains were grown using standard media and cultivation procedures (Sherman, 1986) . Complex media containing 2% dextrose (YPD) or synthetic complete media containing the required amino acids and 2% dextrose (SD) was used as indicated. Strains transformed with plasmids were maintained on synthetic complete media lacking the specific amino acid.
Cytoduction and curing of prions.
Wildtype and actin mutant strains were mated to MATα kar1 donor strains containing high [PIN + ] (D127), and the Rnq1-GFP (HIS3, p3034) plasmid. Cytoductants were selected on SD-Lys-His, and cytoductants were verified for growth on selective media and verified to contain [PIN + ] by decoration of aggregates by Rnq1-GFP. To cure prions, strains were struck at least three times for single colony on 5 mM guanidine-HCl (GuHCl) on rich media or 1.5 mM GuHCl on synthetic media. Prion loss was verified by transiently expressing either Sup35PrD-GFP (p3031 or p3032) or Rnq1-GFP (p3036) fusion proteins and visualizing diffuse fluorescence indicative of the non-prion state.
The loss of [PSI + ] was also assayed for no growth on either SD-Ade or SD-Ura depending on whether the ade1-14 or ura3-14 allele was present.
Generation of act1-122 isolates
The M231 act1-122 mutant strain was streaked for single colony on rich media two times to generate sister isolates M257 and M254. Sequencing confirmed that the act1-122 gene sequence was identical to the parent strain containing the requisite D80A
and D81 point mutations. The second independent isolation of M314 an M315 were generated by streaking for single colony on rich media six times (Supplemental Figure   2 ).
Rhodamine-Phalloidin staining
Actin polarization during S/G2 phase of the cell cycle was assayed in wildtype and actin mutants strains using rhodamine-phalloidin staining (Amberg, 1998) . Briefly, cells were grown to log phase in YPD liquid at 30 o C, treated with 4% formaldehyde at room temperature for 10 minutes, washed twice in PBS, and then treated with 6.6 µM rhodamine-phalloidin for 1 hour. Samples were washed three times and re-suspended in 100µL of PBS for imaging. To determine actin patch polarization, image files were analyzed blind by an independent investigator, first identifying all S/G2-phase cells in a given (DIC) field, and then examining the rhodamine fluorescence channel through the z-stacks to score for polarization. Cells were classified as polarized (<75% of the patches in the daughter bud), partially polarized (50-75% of patches in daughter bud), or unpolarized (equal distribution of patches in mother cell and daughter bud). Cells with weak to no staining were eliminated from analysis.
Microscopy
All cells were imaged at 630X magnification (63X oil immersion objective, N.A.
1.4) unless noted (100X oil immersion objective, N.A. 1.44) in both DIC and fluorescent channels. Z-stack images containing between 10-25 z-stacks were captured on a DM6000 Leica inverted microscope using Leica LASX software. Images were subjected to 3D deconvolution using Autoquant deconvolution algorithms (Media Cybernetics). All images shown are maximum projection except where indicated.
Protein analysis
Protein lysates were generated as described previously by Sharma et al. (2017) .
The appropriate antibodies (Anti-GFP, anti-PGK) were used for protein detection.
Relative levels of Sup35PrD-GFP were determined by generating digital images of autoradiographs and measuring intensity for both PGK and Sup35PrD-GFP reactive bands for each sample using ImageJ software. GFP levels in wildtype and mutant strains were normalized based on the ratios of Sup35PrD-GFP and PGK band intensities from four independent experiments for each strain. observed under the fluorescent microscope for the presence of newly formed fluorescent aggregates as previously described (Sharma et al., 2017) . Approximately 200 cells were plated on SD-Leu and 50 or 100-fold higher cell density was plated on SD-Leu-Ura to assay for those colonies that are [PSI + ]. [PSI + ] induction frequency was calculated based upon the number of colonies formed on SD-Leu-Ura plates divided by the total number of cfu's plated, as determined by the number of colonies on SD-Leu.
There was negligible growth on SD-Leu-Ura from cultures that were not exposed to (Chernoff et al., 1993; Chernoff et al., 1995) . 
